Three distinct carbonic anhydrases, now denoted as A, B, and C, have been separated from human erythrocytes, by several different methods.1-4 Enzyme A is present in small amount and with low specific activity, B in much larger amount but also with low specific activity, C in small amount but with high specific activity.5 All three enzymes have molecular weights close to 30,000 and each contains one atom of zinc per molecule. In what follows, we are chiefly concerned with enzymes B and C.
tities of 6 gm or more of crude carbonic anhydrase have been separated on a DEAE-Sephadex column with a total volume of 2.3 liters, at a flow rate of about 3 ml per minute. This yields several grams of enzyme B, which is sufficiently pure to give only a single band on starch gel electrophoresis by procedures previously described.3 Its specific activity, assayed by the procedure of Wilbur and Anderson,7 was constant in different fractions of the separated band of eluted material at 14,000 enzyme units per mg protein. The enzyme C fraction, on the other hand, although it gave a specific activity of 33,000 units per mg, yielded electrophoretic patterns containing a minor band indicating the presence of some residual enzyme B. We removed this by PROC. N. A. S.
selective adsorption of enzyme C on sulfoethyl-Sephadex6 at pH 6 in 0.005 M sodium phosphate buffer, and its subsequent elution with 0.1 M phosphate buffer at pH 8.9. It was necessary to repeat this operation a second time to obtain enzyme C which migrated as a single band on starch gel. The resulting preparations of enzyme C gave excellent crystals in concentrated ammonium sulfate solutions.
After two months at 40 in concentrated ammonium sulfate solutions, both carbonic anhydrases B and C were still electrophoretically homogeneous and showed no loss of enzyme activity.
We are indebted to Dr. P.-O. Nyman of the University of Gbteborg, Sweden, for his kindness in supplying samples of human carbonic anhydrases A, B, and C, as prepared by the methods previously described by him.'. 4 We prepared guanidine hydrochloride from guanidine carbonate (Eastman White Label) by the method of Anson.' The purified material showed almost no absorption in the ultraviolet down to 230 mg. We recrystallized urea (Merck reagent grade) twice from cold 95% ethanol, and prepared urea solutions from the crystals immediately before use.
We calculated protein concentrations from ultraviolet absorption measurements at 280 mu, wavelength. Likewise, the positions of the minima are well below the value of 233 my which is characteristic of the trough of the Cotton effect in helical polypeptides and in several proteins that are generally presumed to be at least partly helical. Unfortunately, the absorption of the enzyme solutions becomes so high at short wavelengths that we have not yet been able to make reliable measurements below about 220 mis.
The most striking feature of the data in Figures 1 and 2 , however, is the presence of Cotton effects in the native proteins in the region between 260 and 300 m~u. As the figures show, the rather complicated dispersion pattern in this region which is characteristic of the native proteins disappears on denaturation in acid and is replaced by a smooth featureless dispersion curve which is shifted to much more negative values of [R'] than those characteristic of the native protein in this region. Figures 3 and 4 show the pattern of these Cotton effects in considerably more detail, and also show the effects of dissolving the enzymes in guanidine hydrochloride at various concentrations from 0.5 to 4 M.
The question immediately arises whether the dispersion curves for the native proteins in Figures 3 and 4 represent genuine Cotton effects or artifacts. The recorded effects, especially between 270 and 290 miA, coincide with the aromatic absorption bands of these enzymes, which are intense because of their high content of aromatic amino acid residues (Table 1) . Urnes and Doty"6 have pointed out how readily ar- tifacts, resembling Cotton effects, can arise under just such conditions. If the polarimeter is set to record the optical rotation at a wavelength which is strongly absorbed, and if the instrument is at the same time receiving stray light of a longer wavelength which is not appreciably absorbed, such artifacts may be obtained.
We have therefore examined our data by determining the dispersion curves in cells of different length and with solutions of differing protein concentration, so that the absorbance of the solutions was varied from values as low as 1.3 and as high as 4.6
for carbonic anhydrase B, and over a range from 1.9 to nearly 4 for carbonic anhydrase C. The results are shown in Table 2 . concentrations indicated by the numbers adjoining the curves. All solutions contained the same 0.1 M phosphate buffer, which had a pH of 7.0 in water. The guanidine hydrochloride solutions had stood at 00 for 48 hr before the measurements were made. chloride the Cotton effects are nearly but not quite as pronounced as in the native proteins. At 1 M only small traces of these effects remain, and at 2 M and above, the curves are as simple and featureless as they are found to be for the acid denatured proteins in Figures 1 and 2 Interpretation of Dispersion Data at Longer Wavelengths.-A previous paper from this laboratory3 reported data for the rotatory dispersion of carbonic anhydrase B at wavelengths between 300 and 600 m1A, and inferred that they suggested an absence, or at least a very low content, of helix in the conformation of the peptide chain. We have since made many more measurements with both enzymes B and C, and a detailed report will be given elsewhere. We note that the analysis of these data for the native proteins, in terms of the equation of Moffitt and Yang,"7 or that of Shechter and Blout,'8 is rendered somewhat uncertain by the presence of the unusual Cotton effects reported here. Effects of this sort are not allowed for in the theory underlying these equations. The denatured proteins, in urea or guanidine hydrochloride, give data which fit the above equations satisfactorily, and also indicate a very low helix content, of the order of 10 per cent, after denaturation.
Discussion.-The human carbonic anhydrases, in their native state, are highly compact molecules. Enzyme B has an intrinsic viscosity between 2.7 and 2.8 ml g-1 (refs. 19 and 20) which is one of the lowest values recorded for any protein, and clearly implies that the shape of the molecule is nearly spherical. Although precise viscosity measurements are not yet available for enzyme C, its intrinsic viscosity is certainly also very low. The sedimentation coefficients of these enzymes, S20,w = 3.0 S, also indicate a very compact structure in view of the molecular weights which are close to 30,000.
The titration studies of Riddiford2l 22 show clearly that most of the histidine and tyrosine residues in the native molecules are inaccessible to the solvent and are presumably buried in the interior of the native molecule, becoming available for titration only on denaturation. Likewise, the study of the difference spectra produced by denaturation in acid,3' 23 particularly the difference peak at 291.5 mu which is associated with the tryptophan residues, indicates that most or all of the tryptophan groups in the native molecules-6 in enzyme B, 7 in C-lie in the molecular interior.
This evidence is highly relevant to the interpretation of the Cotton effects between 260 and 300 mis, shown in Figures 1-4 . Although these effects are too complicated to be readily interpretable in detail, the positive Cotton effect with a peak at 293-294 muA and a trough at 289 m/A almost certainly is associated with the tryptophan absorption band. The somewhat smaller Cotton effect with a peak near 285 and a trough close to 280 may well be associated with tyrosine interactions, although the tryptophan residues may also contribute. The pattern of the dispersion curves between 260 and 270 mjA (Figs. 3 and 4) suggests that the phenylalanine residues in the native proteins may also make small contributions to the Cotton effects in this region. These effects, however, are so small that they may not be significant, because of the noise level in the tracings made in this region. A study of the circular dichroism of the carbonic anhydrases may be extremely helpful in providing a more detailed analysis of these effects. Dr. George Holzwarth has made some preliminary studies of circular dichroism on our carbonic anhydrase preparations and has established definitely the presence of at least one negative band centered near 275 mu. However, the resolving power of the measurements was too low to distinguish any fine structure. The disappearance of the Cotton effects in the 260-300 mu range on denaturation in acid, urea, or guanidine hydrochloride is strikingly shown in Figures 1-4 . Presumably in the native proteins the aromatic side chains are built quite tightly into the native protein structure and buried in the interior of the molecule, adjacent to centers of optical asymmetry. It is impossible to say at present whether arrangements occur in which 2 or more aromatic rings are brought in close proximity to one another.
Tyrosine itself shows a well-defined Cotton effect; in neutral solution the peak lies near 286 mu and the trough near 254.24. 5 Cotton effects in poly-L-tyrosine have been studied by Fasman, Bodenheimer, and Lindblow. 2 The patterns are quite different for the helical and the random-coil forms of the polymer. Studies of circular dichroism2l have greatly clarified the nature of these Cotton effects, and have shown the presence of positive bands at 270 and 248 mu and a much stronger negative band at 224 mjsin the helical polymer.
However, the rotatory dispersion of the carbonic anhydrases shows a very different pattern from that of poly-L-tyrosine. Moreover, Fasman et al.25 have studied copolymers of L-tyrosine and -glutamic acid at molar ratios of 1:9 and 2:8, respectively. In the 1:9 polymer the Cotton effects completely disappear. In the 2:8 polymer they are still present but quite weak. Carbonic anhydrase B, oil the other hand, contains only 6 tryptophan and 8 tyrosine residues out of a total of about 260 amino acid residues; and enzyme C contains 7 tryptophan and probably 9 tyrosine residues in a molecule of nearly the same size.3 4. 27 The tryptophan and tyrosine residues, added together, compose only 5-6 per cent of these molecules.
The observed change in [R'] of approximately 900 between 293 and 289 mit (Fig. 3) would correspond to a change in [R'] per tryptophan residue of the order of 40000, if we assume that all six tryptophan groups contribute to the observed effects. If only one of the six were involved, its contribution would be 24,0000. Even the smaller figure is substantially larger than the effects characterizing poly-i-tyrosine, for which the change in [R'] is of the order of 5000 between 286 and 275 mu.
There have been few previous reports of Cotton effects associated with light absorption by aromatic side chains in proteins. Schellman and Schellman28 in 1956 noticed a small bulge near 290 mu in the rotatory dispersion curve of bovine plasma albumin, and Jirgensons29 recorded a similar effect in human albumin; but Sogami, Leonard, and Foster30 stated that they could observe no such effect in a sample of albumin from which lipid had been carefully removed. Simmons The most striking Cotton effects in a protein, which must clearly be associated with aromatic absorption bands, are those observed by Green32 on avidin of egg white, which contains approximately 14 tryptophan and 4 tyrosine residues33 per molecule of molecular weight 53,000. Avidin shows two positive Cotton effects, one relatively small with a peak near 293 mu and a trough at 256 mMA, the other much higher and steeper, with a peak at 233 m~t [a] = +11200, and a trough at 220 mu,
[a] = -1400°. This Cotton effect is unique, to our knowledge; we have seen no suggestion of anything even slightly resembling it in the carbonic anhydrases.
It is quite possible that many other proteins will be found to show Cotton effects associated with the absorption bands of the aromatic side chains. The resolving power and accuracy of some of the newly developed instruments, such as the Cary instrument which we have employed, and their relative freedom from artifacts due to stray light, should permit the detection of such effects.
Further studies on the carbonic anhydrases are obviously needed. It is now readily possible to remove the zinc atom from the carbonic anhydrases with disappearance of enzyme activity, and then to add zinc and simultaneously restore activity.34 35 Lindskog and Malmstrom36 have reported that this reversible removal of zinc from bovine carbonic anhydrase does not appreciably affect the rotatory dispersion pattern at wavelengths above 300 m,4. However, the Cotton effects in the 260-290 mjA region may be much more sensitive to minor changes in protein conformation which might accompany the removal of the zinc. Studies to examine this point are now under way in this laboratory.
Summary.-Carbonic anhydrases A, B, and C from human erythrocytes give un.-usual optical rotatory dispersion curves involving several relatively small but reproducible Cotton effects in the region between 260 and 300 nimA, associated with the absorption bands of the aromatic side chains in these proteins. When the highly compact structure of the native proteins is disrupted by denaturation in acid, urea, or guanidine hydrochloride solutions, these Cotton effects disappear. The rotatory dispersion curves for the native enzymes B and C pass through troughs at 223 and 227 mni, respectively, with values of the imiolar residue rotation of the order of -2300°at this minimum.
